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Abstract 
Animals rely on genomic regulatory systems to direct the dynamic spatiotemporal and cell-
type specific gene expression that is essential for the development and maintenance of a 
multicellular lifestyle. Although it is widely appreciated that these systems ultimately 
evolved from genomic regulatory mechanisms present in single-celled stem metazoans, it 
remains unclear how this occurred. Here, we focus on the contribution of the non-coding 
portion of the genome to the evolution of animal gene regulation, specifically on recent 
insights from non-bilaterian metazoan lineages, and unicellular and colonial holozoan sister 
taxa. High-throughput next-generation sequencing, largely in bilaterian model species, has 
led to the discovery of tens of thousands of non-coding RNA genes (ncRNAs), including 
short, long and circular forms, and uncovered the central roles they play in development. 
Based on the analysis of non-bilaterian metazoan, unicellular holozoan, and fungal 
                                                     
1
 FG: 0000-0001-5111-8816 
2
 ADC: 0000-0002-3956-1273 
3
 MT: 0000-0002-7564-0868 
4
 BMD: 0000-0001-7573-8518 
 2 
genomes, the evolution of some ncRNAs, such as Piwi-interacting RNAs, correlates with the 
emergence of metazoan multicellularity, while others, including microRNAs, long non-
coding RNAs, and circular RNAs, appear to be more ancient. Analysis of non-coding 
regulatory DNA and histone post-translational modifications have revealed that some cis-
regulatory mechanisms, such as those associated with proximal promoters, are present in 
non-animal holozoans while others appear to be metazoan innovations, most notably distal 
enhancers. In contrast, the cohesin-CTCF system for regulating higher-order chromatin 
structure and enhancer-promoter long-range interactions appears to be restricted to 
bilaterians. Taken together, most bilaterian non-coding regulatory mechanisms appear to 
have originated before the divergence of crown metazoans. However, differential expansion 
of non-coding RNA and cis-regulatory DNA repertoires in bilaterians may account for their 
increased regulatory and morphological complexity relative to non-bilaterians. 
This article is part of a Special Issue entitled: Changes in developmental controls underlying 
the evolution of animal body plans, edited by Dr. Jr-Kai Yu and Dr. Yi-Hsien Su. 
 
Keywords: evolution, gene regulation, metazoans, complexity, cis-regulation, non-coding 
RNAs, enhancers, multicellularity, holozoans 
 
 
The evolution of metazoan multicellularity must have involved the emergence of genomic 
regulatory capacities to allow for dynamic spatiotemporal and cell-type specific gene 
expression. To a great extent, these capacities rely on the interplay between available 
transcription and other regulatory factors with each other, and with non-coding regulatory 
DNA and RNA sequences (Davidson and Peter, 2015).  
The evolution and diversification of protein-coding genes that regulate the formation 
and maintenance of animals, namely transcription factors (TFs) and other signaling pathway 
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components, have been a point of focus since the discovery over 30 years ago that deeply 
conserved developmental genes populate the genomes of most, if not all, bilaterians 
(vertebrates, insects, worms and their numerous allies) (Finnerty and Martindale, 1999; 
Finnerty et al., 2003; Levine and Tjian, 2003; McGinnis et al., 1984; Quiring et al., 1994; 
Rokas, 2008; Slack et al., 1993). Although many of these TF and signaling gene families 
evolved after the divergence of metazoan and choanoflagellate lineages and thus are 
correlated with the evolution of animal multicellularity [e.g., (Degnan et al., 2009; Larroux et 
al., 2008; Richards and Degnan, 2009)], others have an older origin and are found in 
unicellular holozoans (de Mendoza et al., 2013; King, 2004; King et al., 2003; Richter and 
King, 2013; Sebé-Pedrós and de Mendoza, 2015; Sebé-Pedrós et al., 2011; Sebé-Pedrós et 
al., 2010; Sebé-Pedrós et al., 2012).  
The striking conservation of the TF family repertoire in non-bilaterian metazoan 
lineages (cnidarians, placozoans, ctenophores and sponges) – and to a lesser extent diverse 
unicellular holozoan lineages (choanoflagellates, filastereans and ichthyosporeans) – 
suggests that other regulatory features, including cis-regulatory DNA, non-coding RNAs 
(ncRNAs) and histone post-translational modifications (PTMs) (Davidson and Peter, 2015), 
were instrumental in the evolution of animal multicellularity and complexity (Fig. 1). Here, 
we review recent insights into the evolution of the non-coding portion of the regulatory 
genome, specifically seeking to find evidence for its potential contribution to the evolution 
of the metazoan multicellular condition and body plan complexity.   
 
Evolution of the metazoan non-coding RNA landscape  
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RNA performs a wide range of developmental and physiological roles beyond its cardinal 
function in the flow of genetic information (Crick, 1970). The discovery of heterogeneous 
nuclear RNA, retrotransposons and introns in the 1960s and 1970s provided the first hint 
that animal cells might contain extensive RNA-based regulatory networks (Berget et al., 
1977; Britten and Davidson, 1969, 1971; Chow et al., 1977; Davidson et al., 1977; Warner et 
al., 1966). The next milestone in metazoan RNA biology was the identification of small 
regulatory RNAs (lin-4 and let-7) (Lee et al., 1993; Reinhart et al., 2000) as harbingers of the 
RNA interference pathway (Fire et al., 1998). Since then, the classes of small RNAs have 
expanded to include small interfering RNAs (siRNAs) that deplete RNA transcript levels, Piwi-
interacting RNAs (piRNAs) involved in primarily germ cell differentiation and microRNAs 
(miRNAs) that regulate multiple steps in gene expression (Morris and Mattick, 2014).  
In the last decade, the application of next-generation sequencing (NGS) 
technologies, largely in bilaterian model species, has revealed that animal genomes encode 
thousands of long non-coding RNAs (lncRNAs) (Bertone et al., 2004; Cabili et al., 2011; 
Carninci et al., 2005; Derrien et al., 2012; Djebali et al., 2012; Kapranov et al., 2007; Khalil et 
al., 2009; Okazaki and al., 2002; Ponting et al., 2009; Ravasi et al., 2006). More recently, 
circular RNA (circRNAs), transcribed and spliced from exons of coding and non-coding genes, 
have also been discovered to be abundant in bilaterians (Barrett and Salzman, 2016; Chen, 
2016; Salzman, 2016) (Fig. 1).  
Although significant progress has been made in elucidating the roles of these ncRNA 
classes in animal development, their origin and evolution remain unclear. However, recent 
investigations of ncRNAs in non-bilaterian metazoans and unicellular holozoans are 
providing insights into their contribution to the evolution of animal multicellularity (Bråte et 
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al., 2015; Bråte et al., 2016; Calcino, 2015; de Mendoza et al., 2015; Gaiti et al., 2015; 
Grimson et al., 2008; Sebé-Pedrós et al., 2016).  
 
Innovations in animal RNA interference pathways 
 
Small RNA (sRNA) mediated post-transcriptional regulation, known as RNA interference 
(RNAi), emerged prior to the divergence of the eukaryotic supergroups (Cerutti and Casas-
Mollano, 2006). Thought to have evolved as a system of immunity against parasitic 
exogenous RNAs (Obbard et al., 2009), RNAi pathways have been co-opted into numerous 
additional regulatory roles. In addition to the pan-eukaryotic exogenous siRNA and the 
endogenous siRNA pathways (Svoboda, 2014), most animals possess two additional RNAi 
pathways – miRNAs and piRNAs.   
Animal miRNAs are abundant 21-23 nucleotide (nt) RNAs that share features with 
miRNAs in plants (Voinnet, 2009), including the single-celled green algae Chlamydomonas 
reinhardtii (Molnar et al., 2007; Zhao et al., 2007) and the multicellular brown algae 
Ectocarpus siliculosus (Cock et al., 2010; Tarver et al., 2015; Tarver et al., 2012), as well as 
the social amoeba Dictyostelium discoideum (Avesson et al., 2012). However, the biogenesis 
and mode of action of bilaterian miRNAs differs from that of other eukaryotic miRNAs, 
leading to the widespread inference that metazoan miRNAs evolved independently and, 
thus, were uniquely instrumental in the evolution of animal multicellularity and complexity 
(Ivey and Srivastava, 2010; Kosik, 2010; Mattick, 2004; Peterson et al., 2009; Shenoy and 
Blelloch, 2014).  
The discovery and analysis of miRNAs in non-bilaterians and unicellular holozoans 
has yielded insights into the question of whether animal miRNAs have originated 
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independently of other miRNA systems. miRNAs and key bilaterian miRNA biogenic enzymes 
(i.e., Drosha and Pasha) are present in sponges and cnidarians, but absent from placozoans 
(Pasha and miRNAs absent), ctenophores and the sister group to the Metazoa, the 
choanoflagellates, leading to the initial conclusion that this miRNA system was unique to 
animals but lost in some lineages (Grimson et al., 2008; Liew et al., 2014; Liew et al., 2016; 
Maxwell et al., 2012; Moran et al., 2014; Moran et al., 2013; Moroz et al., 2014; Tarver et 
al., 2012; Wheeler et al., 2009).  
However, there are differences between bilaterian, cnidarian and sponge miRNAs. 
Sponge miRNAs have no primary sequence identity with bilaterian miRNAs. In addition, the 
predicted pre-miRNA hairpins of the sponge Amphimedon queenslandica are longer and 
structurally variable, and appear to be more similar to plant miRNAs than animal miRNAs 
(Grimson et al., 2008; Tarver et al., 2012). This variability has been suggested as evidence 
that Amphimedon miRNAs are unlikely to be produced through the conventional and 
conserved eumetazoan miRNA biogenesis pathway (Robinson et al., 2013; Sperling et al., 
2010; Tarver et al., 2015; Wheeler et al., 2009). 
Despite deep conservation of many miRNAs within the Bilateria, the cnidarian 
Nematostella vectensis has only one miRNA (miR-100) that can be considered homologous 
to a bilaterian miRNA (Grimson et al., 2008). While deadenylation and translational 
repression of Nematostella target mRNAs does occur as per bilaterian miRNAs (Mauri et al., 
2016), target cleavage is also commonly employed (Moran et al., 2014). This siRNA-like 
silencing mechanism is also common to plant miRNAs and, thus, represents either an 
ancestral mode of action or a convergent innovation in cnidarians and plants. Further 
complicating interpretations on the evolution of metazoan miRNAs is the presence of bona 
fide miRNAs and related biogenesis machinery (i.e., Drosha and Pasha) in the unicellular 
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holozoan Sphaeroforma arctica (Bråte et al., 2016). This recent discovery supports the 
metazoan miRNA system being more ancient than initially perceived. The differences in 
bilaterian, cnidarian and sponge miRNA systems, and the loss of miRNAs in ctenophores, 
placozoans and choanoflagellates, suggests that the canonical miRNA system present in 
bilaterians was not essential for the evolution of metazoan multicellularity. 
In bilaterians, piRNAs function in the silencing of transposons within the germline, 
but also have a role in directing DNA methylation of CpG islands in mammalian germlines 
(Aravin et al., 2008; Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008), and guiding 
epigenetic modifications in C. elegans and Drosophila (Ashe et al., 2012; Klenov et al., 2011; 
Luteijn et al., 2012; Shirayama et al., 2012; Shpiz et al., 2011; Sienski et al., 2012; Wang and 
Elgin, 2011). piRNAs with a bilaterian-like ping-pong piRNA biogenesis signature [a bias for a 
5’ uracil and an adenosine at position 10 (Brennecke et al., 2007; Czech and Hannon, 2016; 
Gunawardane et al., 2007)] have been reported in cnidarians, sponges and ctenophores, but 
not in placozoans (Calcino, 2015; Grimson et al., 2008), suggesting the piRNA pathway was a 
regulatory feature of the last common ancestor of animals.  
 
Long non-coding RNAs as regulatory elements of animal development  
 
Long non-coding RNAs (lncRNAs) may be sense or antisense, intronic, and intergenic with 
respect to protein-coding genes (Morris and Mattick, 2014). Although they lack obvious 
protein-coding potential (Guttman et al., 2013; Housman and Ulitsky, 2016; Ingolia et al., 
2014), lncRNAs are structurally similar to protein-coding mRNAs and are generally 
transcribed by RNA polymerase II from genomic loci with similar chromatin states to mRNAs 
(Guttman et al., 2009). lncRNAs also have CpG islands, complex splicing patterns, 5’-terminal 
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methylguanosine cap and poly(A) 3’-tails (Quinn and Chang, 2016). However, lncRNAs tend 
to be shorter, have fewer exons, and appear to be expressed at relatively low levels in 
comparison to mRNAs (Liu et al., 2016; Quinn and Chang, 2016). Exceptions to these trends 
exist, with some lncRNAs being up to 100 kb (Lyle et al., 2000) and others being abundant in 
restricted subnuclear locations (Hutchinson et al., 2007). Unlike most protein-coding 
sequences, lncRNAs are rapidly evolving and exhibit poor primary sequence similarity 
between species; orthologous lncRNAs are difficult to identify (Ulitsky, 2016). 
 Metazoan lncRNAs appear to play a diversity of cellular and developmental roles. 
Several lncRNAs have been shown to act as decoys that titrate away miRNAs or regulatory 
proteins (Quinn and Chang, 2016). Other lncRNAs act as scaffolds to bring two or more 
proteins into a complex or in physical proximity (Engreitz et al., 2016b; Hacisuleyman et al., 
2014; Tsai et al., 2010). They also can act as guides to recruit chromatin modifying enzymes 
and can be required for localization of ribonucleoprotein complexes to specific targets 
(Quinn and Chang, 2016; Rutenberg-Schoenberg et al., 2016). Early embryonic stages 
appear to be a period of active transcription of lncRNAs (Bråte et al., 2015; Cabili et al., 
2011; Fatica and Bozzoni, 2014; Gaiti et al., 2015; Pauli et al., 2012), perhaps to regulate 
maternal transcripts or transcription of cell-cycle genes (Hung et al., 2011; Pauli et al., 
2011). In other stages and contexts, lncRNAs are often in low abundance, which may reflect 
their highly restricted expression to a particular cell type, tissue, or developmental stage 
(Bråte et al., 2015; Cabili et al., 2015; Cabili et al., 2011; Gaiti et al., 2015; Liu et al., 2016; 
Mercer et al., 2008; Pauli et al., 2012; Ponjavic et al., 2009). 
The role of lncRNA in the regulation of developmental gene activity appears to be 
widespread amongst metazoans (Perry and Ulitsky, 2016). For instance, in Xenopus, a subset 
of lncRNAs are developmentally regulated and spatially localized in the gastrula stage 
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embryo (Forouzmand et al., 2016; Necsulea et al., 2014; Tan et al., 2013). In zebrafish, many 
lncRNAs are expressed during embryogenesis (Pauli et al., 2012) and their developmental 
regulatory functions have been experimentally demonstrated (Ulitsky et al., 2011). In mice, 
many lncRNAs are essential for normal development and survival (Anderson et al., 2016; 
Goff et al., 2015; Sauvageau et al., 2013). Developmentally expressed lncRNAs have also 
been identified in C. elegans (Nam and Bartel, 2012), Drosophila and other insects (Brown et 
al., 2014; Chen et al., 2016a; Jayakodi et al., 2015; Jenkins et al., 2015; Quinn et al., 2016; 
Wu et al., 2016; Young et al., 2012), echinoderms (Mu et al., 2016) and sponges (Bråte et al., 
2015; Gaiti et al., 2015). However, given the lack of sequence identity of lncRNAs, it remains 
unclear if developmental lncRNAs are conserved or independently-evolved.   
 
Evolutionary conservation of animal lncRNAs 
 
Although our understanding of other classes of ncRNAs (e.g., miRNAs) has been improved 
by evolutionary comparisons (Bartel, 2009), only a handful of functionally homologous 
bilaterian lncRNAs have been identified and analyzed (Grant et al., 2012; Heard et al., 1999; 
Migeon et al., 1999; Quinn et al., 2016; Ulitsky et al., 2011). These studies suggest that 
sequence conservation is not an essential requirement for lncRNA functionality (Pang et al., 
2006). The lack of sequence similarity observed between lncRNAs across animal phyla 
indicates that lncRNA sequences evolve more rapidly than protein-coding sequences 
(Hezroni et al., 2015; Kapusta and Feschotte, 2014; Kutter et al., 2012; Pang et al., 2006; 
Ponting et al., 2009). These observations are consistent with negative selection acting on 
only short patches within lncRNAs (Washietl et al., 2014). Highly conserved elements within 
lncRNA sequences (micro-homologies), interspersed with longer and less conserved 
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stretches of nucleotide sequences, have been reported (Chen et al., 2016b; Hezroni et al., 
2015; Ulitsky and Bartel, 2013), and include the miR-7 binding site in the lncRNA Cyrano 
(Ulitsky et al., 2011), the PRC2-binding elements in the lncRNA Xist (Maenner et al., 2010), 
and short repeated sequences in the lncRNA FIRRE (Hacisuleyman et al., 2016). Other 
lncRNA features that appear to be conserved include syntenic relationships to neighboring 
genes (Amaral et al., 2016; Hezroni et al., 2015; Quinn et al., 2016), secondary structure 
(Hawkes et al., 2016; Lee et al., 2016; Novikova et al., 2012; Sanbonmatsu, 2016; Tichon et 
al., 2016), and specific expression patterns (Chodroff et al., 2010; Hezroni et al., 2015; 
Washietl et al., 2014). The conservation of genomic position of hundreds of deuterostome 
(i.e., sea urchins and vertebrates) lncRNAs with no detectable sequence similarity (Hezroni 
et al., 2015) suggests that lncRNA sequences evolve rapidly yet are likely to be functionally 
conserved. 
Akin to bilaterians, where lncRNAs have been shown to be co-expressed with 
multiple protein-coding genes (Necsulea et al., 2014), sponge lncRNAs appear to be 
important components of co-expressed developmental gene modules (Bråte et al., 2015; 
Gaiti et al., 2015). As gene regulatory networks and modules are central for the control and 
timing of animal development (Davidson and Erwin, 2006; Erwin and Davidson, 2009; Peter 
and Davidson, 2011), computational construction of evolutionarily conserved modules (or 
networks) of co-expressed homologous genes, including lncRNAs, might therefore represent 
a useful approach to predict lncRNA functionality across highly divergent metazoan lineages 
(Fig. 2). One such example may be the developmental lncRNA co-expressed, and thus 
presumably co-regulated, with the G protein-coupled receptor Frizzled B (a key component 
of the Wnt signaling pathway in animal development) and other regulatory genes (e.g., TGF-
β) in the sponges Amphimedon and Sycon (Bråte et al., 2015; Gaiti et al., 2015), which 
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diverged from each other at least 650 Mya (Erwin et al., 2011). Although shared co-
expression profiles suggest homologous roles for lncRNAs in different species, the 
independent co-option of non-homologous lncRNAs into these networks cannot be 
discounted at this time. 
 
Premetazoan origin of lncRNA regulation: A perspective from unicellular holozoans 
 
The recent discoveries of lncRNAs in unicellular holozoan lineages closely related to 
metazoans has generated additional uncertainty about the evolutionary origin of lncRNAs, 
and suggests that elaborate lncRNA-based genome regulation is not exclusive to animals 
and instead is an ancient feature of the holozoan regulatory system. While lncRNAs appear 
to be expanded in multicellular animals (Bråte et al., 2015; Gaiti et al., 2015; Kapusta and 
Feschotte, 2014; Ulitsky and Bartel, 2013), several hundred lncRNAs have now been 
annotated in the filasterean Capsaspora owczarzaki and the ichthyosporean Creolimax 
fragrantissima (632 and 692, respectively) (de Mendoza et al., 2015; Sebé-Pedrós et al., 
2016). These show both similarities and differences with animal lncRNAs.  
Capsaspora has a repertoire of polyadenylated and, in some cases, alternatively 
spliced lncRNAs. These lncRNAs, despite showing no apparent homology to any animal 
lncRNA, have temporally dynamic and cell-stage-specific expression patterns, and can be 
separated into two populations based on their association with specific histone PTMs at 
their promoters [a high ratio of histone H3 lysine 4 monomethylation (H3K4me1) compared 
to trimethylation (H3K4me3) and vice versa], as found in metazoans (Marques et al., 2013; 
Gaiti et al., unpublished). These two populations might represent distinct conserved classes 
of polyadenylated lncRNA elements with diverse biological functions and, thus, may indicate 
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that the last common ancestor of animals and these unicellular holozoans had more 
complex non-coding RNA regulatory capacities than previously thought. Contrarily, despite 
some global similarities to animal lncRNA regulation, the population of lncRNAs described 
in Creolimax, which represents a lineage that diverged before filasterean Capsaspora 
separated from the stem leading to animals, does not show a major enrichment near 
developmental genes nor extensive stage-specific expression, both hallmarks of animal 
lncRNAs (Gaiti et al., 2015; Ulitsky and Bartel, 2013). Nonetheless, the presence of hundreds 
of lncRNAs in unicellular holozoans is consistent with this class of ncRNAs antedating the 
origin of animal multicellularity and development.  
 
Distal enhancers appear to be a metazoan innovation  
 
Long-range cis-regulatory elements, so-called distal enhancers, have been hypothesized to 
be one of the key contributing factors underlying the spatial and temporal coordination of 
cell specification and differentiation in animal development (Levine, 2010; Levine et al., 
2014; Levine and Tjian, 2003; Peter and Davidson, 2011; Woolfe et al., 2005). With the 
advent of functional genomics assays based on next-generation sequencing (NGS), such as 
ChIP-seq (Robertson et al., 2007), DNase-seq (Boyle et al., 2008) and ATAC-seq (Buenrostro 
et al., 2013), genome-wide maps of distal enhancers have been predicted in a range of 
human cell lines (ENCODE Project Consortium, 2012; Heintzman et al., 2009; Heintzman et 
al., 2007; Kundaje et al., 2015; Rada-Iglesias et al., 2011) and bilaterian model species 
(Bogdanović et al., 2012; Bonn et al., 2012; Creyghton et al., 2010; Negre et al., 2011; Roy et 
al., 2010; Shen et al., 2012; Visel et al., 2009).  
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Distal enhancers are rapidly evolving (Villar et al., 2015). In mammals, their origin 
often involves exaptation of ancestral DNA (Villar et al., 2015) or de novo emergence from 
neutral genomic background (proto-enhancers) (Emera et al., 2016). The finding of only a 
couple of conserved cis-regulatory elements, located in the vicinity of SOX21 and HMX3 
genes, across eumetazoans (Maeso et al., 2013; Royo et al., 2011) underscores the dynamic 
nature of enhancer sequence evolution.  
Distal enhancers with the same combination of bilaterian histone H3 PTMs [histone 
H3 lysine 4 monomethylation (H3K4me1) and histone H3 lysine 27 acetylation (H3K27ac)] 
have been identified in the cnidarian Nematostella (Schwaiger et al., 2014; Technau and 
Schwaiger, 2015). These, along with the transcriptional cofactor p300 binding sites, were 
distributed relative to developmental regulatory genes as in bilaterians (Schwaiger et al., 
2014; Technau and Schwaiger, 2015) (Fig. 3). In contrast, the unicellular filasterean 
Capsaspora owczarzaki lacks animal developmental promoter types I and III (Lenhard et al., 
2012) and distal enhancers, despite possessing many of the core TF-TF regulatory 
interactions found in animals (Sebé-Pedrós et al., 2016). The regulatory genome of 
Capsaspora appears, therefore, to be more similar to yeast (Bulger and Groudine, 2011), 
and suggests that distal enhancers are likely to have evolved later on the stem leading to 
the crown metazoans. Identification of putative distal enhancers in the sponge 
Amphimedon based on histone H3 PTM co-localization patterns is consistent with these 
elements evolving along the metazoan stem at the transition to multicellularity (Gaiti et al., 
unpublished). Interestingly, promoter DNA regulatory elements to allow for context- and 
cell type-specific gene expression also appeared to evolve in stem metazoans after diverging 
from the filasterean lineage (Fernandez-Valverde and Degnan, 2016), suggesting these are 
also a critical component of the animal cis-regulatory landscape (Fig. 3).  
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 Perhaps not surprisingly, the emergence of distal enhancers prior to metazoan 
cladogenesis could then explain the pervasiveness of conserved syntenic blocks in animal 
genomes and the absence of these blocks in their unicellular relatives (Bulger and Groudine, 
2011; Duan et al., 2010; Irimia et al., 2013; Irimia et al., 2012; Putnam et al., 2007; Sebé-
Pedrós et al., 2016; Srivastava et al., 2010). Distal enhancers are enriched in metazoan 
microsyntenic blocks, which have been conserved over 700 million years of evolution, 
suggesting that their genomic co-location with syntenic genes is evolutionarily constrained 
and extremely ancient (Irimia et al., 2013; Irimia et al., 2012; Gaiti et al., unpublished). For 
instance, the Islet LIM homeobox gene (Isl), which plays conserved roles in animal 
development (Liang et al., 2011; Thor and Thomas, 1997), and Scaper (S-phase cyclin A-
associated protein in the ER) form an ancient microsyntenic unit that possesses distal 
enhancers in their introns in sponges and bilaterians (Irimia et al., 2012; Gaiti et al., 
unpublished).  
The mode of action of distal enhancers in non-bilaterians is currently unknown. 
Regulatory information is precisely organized in the three-dimensional chromatin and 
further compartmentalized into smaller topologically associated domains (TADs), restricting 
cis-regulatory sequences to their target genes (Denker and de Laat, 2016; Dixon et al., 
2016). Interestingly, non-bilaterians lack CCCTC-binding factor (CTCF) (Fig. 1 and 3), a factor 
that establishes insulators and localizes with the more ancient cohesin (Heger et al., 2012). 
CTCF-binding sites within TADs facilitate enhancer–promoter long-range interactions 
through the recruitment of cohesin, that are jointly involved in higher-order chromatin 
structure in bilaterians (Lee and Iyer, 2012; Merkenschlager and Odom, 2013; Seitan et al., 
2013; Vietri Rudan et al., 2015). Chromatin looping of distal enhancers to their target 
promoters in non-bilaterian animals might therefore occur through a CTCF-independent 
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cohesin binding mechanism (Schwaiger et al., 2014; Technau and Schwaiger, 2015; Gaiti et 
al., unpublished). Alternatively, but not exclusively, RNA polymerase II and its associated 
transcriptional machinery may track through the intervening DNA between enhancers and 
promoters, and may be the mechanism of enhancer-promoter interactions in non-bilaterian 
animals (Li et al., 2016). The co-occupancy of distal enhancers and RNA polymerase II in 
both sponges and cnidarians supports this mechanism of transcriptional activation 
(Schwaiger et al., 2014; Technau and Schwaiger, 2015; Gaiti et al., unpublished).  
 
Combinatorial transcriptional regulation by the non-coding genome  
 
The different non-coding RNAs and DNAs can interact to modulate gene expression during 
bilaterian development (De Kumar and Krumlauf, 2016; Jens and Rajewsky, 2015; Thomson 
and Dinger, 2016), but these interactions are currently uncharted in non-bilaterians. 
lncRNA genes act through a multiplicity of functional and molecular mechanisms. 
These can either be mediated by the lncRNA transcripts themselves, or involve higher-order 
chromatin structure, the recruitment of regulatory complexes through RNA–protein 
interactions that influence the expression of nearby genes, or a combination thereof. For 
instance, changes in the lncRNA Blustr transcription and splicing may affect its neighboring 
gene (Sfmbt2) expression in part by altering chromatin state and RNA polymerase 
occupancy at the Sfmbt2 promoter (Engreitz et al., 2016a). The lncRNA Xist interacts 
physically with multiple regions of the X chromosome, enhancing the spread of the lncRNA, 
which then recruits repressor proteins that promote X inactivation (Engreitz et al., 2016b; 
Engreitz et al., 2013). The lncRNA Haunt contains potential cis regulatory-elements that 
 16 
induce neighboring HoxA genes, whereas the lncRNA transcript itself appears to repress 
HoxA expression (Yin et al., 2015). Likewise, the lncRNA Bendr regulates the expression of a 
neighboring gene via DNA regulatory elements in its proximal promoter region (Engreitz et 
al., 2016a). The lncRNA CONCR interacts with and modulates the activity of the helicase 
DDX11 to regulate sister chromatid cohesion (Marchese et al., 2016). The inducible lncRNA 
DINO binds to and stabilizes the well-known tumor suppressor protein p53 amplifying DNA 
damage response (Schmitt et al., 2016). The lncRNA NORAD maintains genomic stability by 
sequestering PUMILIO proteins, which repress the stability and translation of mRNAs to 
which they bind (Lee et al., 2016; Tichon et al., 2016). 
 lncRNAs, circRNAs and miRNAs might further synergize with each other to govern 
metazoan developmental processes. For instance, the lncRNA H19 and insulin-like growth 
factor 2 (IGF2) are two well-described and studied imprinted genes, that are expressed from 
maternal and paternal alleles, respectively (Bartolomei et al., 1991; Brannan et al., 1990; 
DeChiara et al., 1990; DeChiara et al., 1991; Ferguson-Smith et al., 1991). In humans, miR-
675 is embedded in the lncRNA H19’s first exon. By controlling the release of miR-675, H19 
suppresses cell proliferation in response to cellular stress during embryogenesis (Keniry et 
al., 2012). The process of small RNA regulation by lncRNA precursors also extends to 
snoRNAs (Yin et al., 2012) and piRNAs (Brennecke et al., 2007), and may well exist as a 
common checkpoint for small RNA production. lncRNAs have been also suggested to 
interfere with miRNA-mediated mRNA destabilization and, rather than competing for 
miRNA-binding sites within mRNAs, lncRNAs can compete for the miRNAs themselves (Jalali 
et al., 2013; Paraskevopoulou et al., 2013). This is illustrated by lncRNA PTENpg1 asRNA  
that, by forming a duplex with the PTEN pseudogene (PTENpg1), acts as a decoy for PTEN-
related miRNAs and, thus, prevents them from promoting the degradation of PTEN mRNA 
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(Johnsson et al., 2013). lncRNA-RoR binds miRNAs resulting in the upregulation of principal 
TFs involved in embryonic stem cell maintenance and differentiation (Loewer et al., 2010; 
Wang et al., 2013). A similar mechanism has been observed for circRNAs, where the circRNA 
CDR1as has two functions: (i) as a trans-regulator of CDR1 mRNA through a mechanism that 
is regulated by AGO2- and miR-671-mediated cleavage (Hansen et al., 2011); and (ii) as a 
miRNA sink for miR-7, thus regulating neural gene expression (Memczak et al., 2013).  
 The dynamic nature of lncRNAs, as well as the RNA plasticity in interacting with 
diverse molecules such as DNA, RNA and protein, renders lncRNA an ideal mediator to 
regulate local and sequence-specific DNA methylation (Bao et al., 2015; Chalei et al., 2014; 
Di Ruscio et al., 2013). An interesting example resides in the above-mentioned H19-IGF2 
locus. On the maternal chromosome, an unmethylated imprinting controlled region binds 
CTCF and forms an insulator that prevents access of the IGF2 promoter to downstream 
enhancers, which, in turn, allow the expression of the nearby lncRNA H19 promoter. 
Contrarily, on the paternal chromosome, DNA methylation of the same imprinting 
controlled region prevents binding of CTCF. This maintains the lncRNA H19 silenced, 
allowing the downstream enhancers to activate the IGF2 promoter (Barlow and Bartolomei, 
2014; Gabory et al., 2010). 
The understanding of how and when such functional interactions evolved and 
whether they are deeply conserved features of the metazoan genome will require analyses 
of non-bilaterians, in which the interconnections between protein-coding genes, 
transcriptional co-regulators, chromatin modifying complexes, and the various types of 
regulatory DNA and RNA, have not yet been functionally investigated.  
 
Concluding remarks  
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In summary, the non-coding portion of the genome appears to house much of the 
regulatory information underpinning cell-type and developmental gene expression. In 
addition to an expansion of transcription factor and lncRNA repertoires before the 
emergence of crown metazoans, there appears to have been fundamental changes in the 
non-coding regulatory architecture of the genome, including the origin and/or expansion of 
miRNAs, piRNAs, distal enhancers and promoter types for cell-type-specificity and 
developmental regulation. These innovations appear to have contributed an increase in the 
capacity to regulate spatial and temporal gene expression, which is necessary for complex 
multicellularity. The further expansion of these systems in eumetazoans and bilaterians is 
consistent with an evolutionary scenario in which quantitative rather than qualitative 
differences in regulatory mechanisms underpin the evolution and diversification of 
eumetazoan body plans (Fig. 4).  
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Figure 1 – Comparison of major non-coding regulatory systems in animals and their 
unicellular relatives. Cladogram representing known phylogenetic relationships between 
animals and their unicellular cousins. The presence or absence of the major classes of small 
RNAs (miRNAs, siRNAs, piRNAs) along with lncRNAs, circRNAs, distal enhancers and the 
architectural protein CTCF, is indicated. Check mark and dash symbols indicate the presence 
or absence of the components in these taxa, respectively. Circle indicates the information is 
not available at the time of writing. Yellow background highlights the animal kingdom. 
aEvidence for putative bona fide miRNAs and the presence of the miRNA-processing 
pathway components (i.e., Drosha and Pasha) have been recently reported in the 
ichthyosporean Sphaeroforma arctica (Bråte et al., 2016). bWhile siRNAs have been lost in S. 
cerevisiae, they are present in other yeast species, including S. pombe (Drinnenberg et al., 
2009). cCTCF is present in nematodes, but secondarily lost in C. elegans (Heger et al., 2009). 
Figure 2 – Do metazoan long non-coding RNAs operate in evolutionarily conserved 
developmental co-expression modules (or networks)?. Although lncRNAs are important 
components of co-expressed gene modules from early-branching non-bilaterian phyla to 
complex vertebrates (Bråte et al., 2015; Gaiti et al., 2015; Necsulea et al., 2014), the 
investigation of lncRNA roles in an evolutionary framework has been drastically limited by 
the lack of the ability to detect significant sequence similarities and functional studies. A 
conceptual model is illustrated of how evolutionarily conserved networks of co-expressed 
orthologous genes could infer the potential biological function of specific lncRNAs in 
divergent species that lack sequence conservation.  
 
Figure 3 – Distal enhancers may be a metazoan innovation. (A) A schematic representation 
of the presence or absence of distal enhancers in Capsaspora, Amphimedon, Nematostella, 
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and bilaterians, together with the presence or absence of the typical chromatin signatures 
associated with animal enhancers [the transcriptional cofactor p300, histone 3 lysine 4 
monomethylation (H3K4me1), histone 3 lysine 27 acetylation (H3K27ac), and ATAC site]. 
Adapted from (Sebé-Pedrós et al., 2016). (B) Regulatory elements, including enhancers and 
promoters, are engaged in multiple long-range interactions with many other regions 
through a looping mechanism, in which the transcriptional machinery is loaded at the 
enhancers and then reaches the promoter due to a physical interaction, facilitated by CTCF 
and cohesin (Li et al., 2016). All chromatin interactions are created and maintained in a 
hierarchy of 3D chromatin architectures, including topologically associated domains (TADs) 
(Pombo and Dillon, 2015). The mechanism of enhancer-promoter interaction in non-
bilaterian animals lacking the architectural protein CTCF is unknown (Heger et al., 2012).  
Figure 4 – Major steps in the evolution of the animal regulatory genome. The phylogenetic 
relationship of representative animal lineages and unicellular holozoans is shown. 
Highlighted are the major genomic innovations that correlate with the emergence and early 
diversification of animals. Some components of the metazoan regulatory landscape may 
predate the split of the metazoan and holozoan lineages, including a subset of core TF-TF 
regulatory interactions and lncRNAs. While the latter have been recently identified in 
unicellular relatives of animals, the evolutionary origin of lncRNAs as a group is still unclear. 
With a complex gene regulatory landscape already in place at the dawn of animals, the 
expansion of TFs and signaling pathways components, cis-regulatory DNA and non-coding 
RNAs, appear to underlie the morphological and functional diversification of eumetazoan 
animals. In bilaterians, the emergence of the architectural protein CTCF further allows more 
complex enhancer-promoter interactions. aEvidence for putative bona fide miRNAs and the 
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presence of the miRNA-processing pathway components (i.e., Drosha and Pasha) have been 
recently reported in the ichthyosporean Sphaeroforma arctica (Bråte et al., 2016). 
 
Highlights 
 The non-coding genome is essential for multicellularity  
 Review of non-coding RNA and DNA in non-bilaterian metazoans and unicellular 
holozoans.  
 Most non-coding regulatory mechanisms antedate the evolution of metazoans.  
 piRNAs and distal enhancers appear to be metazoan innovations. 
 The CTCF/cohesin system appears to be restricted to bilaterians. 
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